Abstract: Speckle and related coherent artifacts limit the use of lasers for imaging, despite their potential advantages (i.e. brightness). We demonstrate speckle-free laser imaging using a random laser designed to produce spatially incoherent emission. 
Introduction
Many imaging applications require increasingly bright illumination sources, motivating the replacement of conventional thermal light sources with light emitting diodes (LEDs), superluminescent diodes (SLDs) and lasers. Despite their brightness, lasers and SLDs are poorly suited for full-field imaging applications because their high spatial coherence leads to coherent artifacts such as speckle that corrupt image formation [1] . We recently demonstrated that random lasers can be engineered to provide low spatial coherence [2] . Here, we exploit the low spatial coherence of specifically-designed random lasers to perform speckle-free full-field imaging in the setting of significant optical scattering. We quantitatively demonstrate that images generated with random laser illumination exhibit higher resolution than images generated with spatially coherent illumination. By providing intense laser illumination without the drawback of coherent artifacts, random lasers are well suited for a host of full-field imaging applications from full-field microscopy to digital light projector systems. As illustrated in Fig. 1 , this combination of high brightness (described by the photon degeneracy) and low spatial coherence has not been realized in other light sources and makes random lasers uniquely suited for imaging applications.
Speckle-free imaging with a random laser
Random lasers are an unconventional laser in that they are made from disordered materials that trap light via multiple scattering [3] . The spatial modes are inhomogeneous and highly irregular. With external pumping, a large number of modes can lase simultaneously with uncorrelated phases. Their distinct and richly structured wavefronts combine to produce spatially incoherent emission. Our recent studies show that the spatial coherence of random laser emission from a laser dye solution (5 mM rhodamine 640 dissolved in diethylene glycol) interspersed with scattering particles (240 nm diameter polystyrene spheres) can be controlled by adjusting the scattering strength and the pump geometry. Based on this finding, we are able to engineer the random laser to achieve low spatial coherence. For example, when the suspension has a scattering mean free path of 100 μm and the pump light is focused to a spot of diameter 275 μm, the mutual coherence of the laser emission at a spatial distance of 125 μm is less than 0.1. To demonstrate that the low spatial coherence of a random laser does in fact enable speckle-free imaging, we compared images generated with spatially incoherent random laser illumination to those generated with spatially coherent amplified spontaneous emission (ASE) illumination. While a dye solution containing scattering particles was optically excited to produce random laser emission, the ASE (with similar intensity and spectral width) was obtained from the same kind of dye solution without scatterers. A Young's double slit experiment was conducted to confirm that the spatial coherence of the ASE was much higher than that of the random laser emission [2] .
First, we demonstrated speckle suppression under random laser illumination by comparing the speckle patterns generated by illuminating a scattering medium with the two sources. The scattering medium consisted of a 3 μm thick film of TiO 2 particles spun onto a glass coverslip. The particles were ~20 nm in diameter and the transport mean free path was ~600 nm. Images of light transmitted through the scattering medium from the two sources are shown in Fig. 2(b,c) . While speckle is clearly visible with the spatially coherent ASE illumination, it is greatly suppressed by the random laser illumination. As a quantitative comparison, we extracted the probability, P, of finding a pixel with a given intensity, I, normalized by the average intensity, I 0 , of all the pixels. This probability density function is plotted in Fig. 2(d) . The relatively narrow intensity distribution under the random laser illumination is contrasted with the broad distribution in the ASE illumination.
We then imaged the USAF resolution test chart through the same TiO 2 scattering film. The imaging was performed in transmission mode with the scattering film in between the test chart and the collection lens [ Fig. 2(a) ]. The images of the chart illuminated with the random laser and the ASE are shown in Fig. 2(e,f) . Under ASE illumination, interference among scattered photons resulted in artificial features which corrupt the image nearly beyond recognition. In contrast, random laser illumination generates a clear image, demonstrating the advantage of imaging with a spatially incoherent source. For a quantitative comparison of the two images, we calculated the contrast to noise ratio (CNR) for each set of features with different spatial frequencies. The CNR is defined as (<I s > -<I b >) /σ, where <I s > and <I b > are the average intensities in the pattern (bright area) and the background (dark area), and σ is the standard deviation of the intensity in space. As shown in Fig. 2(g) , the image collected with random laser illumination exhibited higher CNR at all spatial frequencies. 
Conclusion
These results show that random lasers, with low spatial coherence and high photon degeneracy, represent a new class of illumination source that is uniquely suited for a wide range of full-field imaging applications.
